The sequential synthesis of eleven novel 1-trimethysilyl-2-arylcyclohexenes 4a-k from 1-bromo-2-chlorocyclohexene (1) is reported. The Suzuki cross coupling of 1 with eleven aryl boronic acids 2a-k gave the 1-chloro-2-arylcyclohexenes 3a-k in >90% yields. Wurtz-Fittig coupling reaction of 3a-k with metallic sodium and chlorotrimethylsilane in anhydrous ether solvent afforded the novel anionic synthons: 1-trimethylsilyl-2-arylcyclohexenes 4a-k in 65-87% yields. The cyclic vinylsilanes 4a-j are liquids, and 1-trimethylsilyl-2-biphenylcyclohexene (4k) exists as a solid. The crystal structure of 4k is discussed. A plausible mechanism for the Wurtz-Fittig reaction and formation of vinylsilanes is highlighted.
Introduction
Sequential transformations of organometallic reagents have been used in the last 30 years for the synthesis of highly functionalized olefins, which find immense applications in organic synthesis and materials science. 1 In this regard, the synthesis of simple and substituted vinylsilanes/vinylstannanes has attracted a high amount of attention from scientists worldwide. 2, 3 The compounds are anionic synthons. In recent years several methods have been developed for the preparation of vinylsilanes. 4, 5 The compounds undergo regio-and stereo-specific transformations, 6 and have been especially used as starting compounds in the total synthesis of natural products, 7 Hiyama cross-coupling reactions, 8 and
Hosomi-Sakurai-type allylation/crotylation reactions.
9
Our laboratory deals with the synthesis and study of the reactions of some simple 10a and substituted cyclic vinylsilanes which 1,3,3-trimethyl-2-(trimethylsilyl) cycloalkenes, 7d and (spirocycloalkenyl)trimethylsilyl-acetylenes. 10h The compounds serve as anionic synthons which undergo regio-and stereospecific transformations.
In further continuation of our studies, we now report for the first instance of time, starting from 1-bromo-2-chlorocyclohexene (1), the synthesis of eleven novel 1-aryl-2-trimethysilylcyclohexenes 4a-k, by employing sequential transformation methodology. Till date, all the cyclic vinylsilanes prepared in our laboratory have existed as liquids. As a first instance, we now report the isolation of a cyclic vinylsilane 1-trimethylsilyl-2-biphenylcyclohexene (4k), which exists as a solid. The single crystal XRD of 4k is reported.
Results and discussion
Aryl substituted cyclohexenes form an important class of compounds in synthetic organic chemistry. Differently substituted aryl cyclohexenes find a wide range of applicability in organic synthesis and natural products chemistry.
11a-h Our interest in the synthesis of novel anionic synthons prompted us explore the possibility of converting 1-bromo-2-chlorocyclohexene (1) to some novel aryl substituted cyclic vinyl silanes which would serve as anionic synthons.
12
With this aim, the Suzuki cross-coupling reaction of 1-bromo-2-chlorocyclohexene (1) with eleven boronic acids 2a-k using 1,4-dioxane solvent and Pd(dppf) 2 Cl 2 catalyst in a sealed tube at 110°C was carried out. The reactions gave the 1-chloro-2-aryl cyclohexenes 3a-k in 87-90% yields.
12 Similar Heck reaction 13 of 1-chlorocyclohexene with aryl bromides in cat. Pd(OAc) 2 /DMSO solvent/NaOAc/2-dicyclohexylphosphino-2 0 ,4 0 ,6 0 -triisopropylbiphenyl gave 3a-k in 36-54% isolated yields. The next sequential Wurtz-Fittig cross-coupling reaction of 3a-k with sodium and chlorotrimethylsilane in anhydrous ether solvent gave the novel cyclic vinylsilanes 4a-k. The methodology is given in Figure 1 .
The spectral characterization of the compounds has been completed and summarized in experimental. The optimized yields of the products 3a-k and 4a-k are given in Table 1 . Compounds 4a-j exist as liquids and 4k was isolated as a clear colorless solid.
Petrov for the first time synthesized the cyclic vinylsilane: 1-trimethylsilylcyclohexene from 1-chlorocyclohexene, by using Wurtz-Fittig coupling reaction as a clear colorless liquid.
14 Further studies in our laboratory, over the years, have always yielded a large number of cyclic vinylsilanes as liquids. 10a-h Now, for the first time, we found that the compound 1-trimethylsilyl-2-biphenylcyclohexene (4k) exists as a solid. The structure of the molecule is shown in Figure 2 . The orientation of the biphenyl group with respect to the cyclohexene moiety is depicted in Figure 3 . The molecule exhibits atropisomerism. Figure 1 . Sequential transformation for the synthesis of 1-trimethylsilyl-2-aryl cyclohexenes. Compound 4k crystallizes in the orthorhombic crystal system with space group Pbca containing one molecule in the asymmetric unit. The trimethylsilyl (TMS) substituted phenyl ring at carbon C6 is positioned axially bisecting the biphenyl ring with a dihedral angle of 73.53(4)° (Fig. 3) . The two phenyl rings of the biphenyl moiety are non-coplanar (dihedral angle = 25.148°). TMS substituted phenyl ring is significantly puckered and adopts twist-boat conformation with atoms C1 and C4 displaced by À0.0219 (3) Å and 0.6512 (6) Å from the mean plane of the other four atoms (C2/C3/C5/C6), respectively. 15 This may be due to the presence of a bulky TMS group attached to the cyclohexenyl ring.
Mechanism
The mechanism for the formation of the products 3a-k is expected to traverse through the pathways well established for the Suzuki process.
However, in the case of the Wurtz-Fittig coupling reactions for formation of 4a-k, we have always observed that there would be the formation of a deep navy-blue coloration, under the near perfect anhydrous conditions employed during the reactions, which indicated the formation of the cyclic vinylsilanes in-situ. No reasonable mechanism has been given till date, for the formation of the deep-blue coloration since Petrov's first synthesis of 1-trimethylsilylcyclohexene.
14 It may be noted here that vinyl metal species prepared in other ways, tend not to be deep blue. In this context, we now postulate that since the reactions are normally carried out in ethereal solvents, the sodium metal transfers an electron to the carbon-halogen bond, resulting in the formation of the vinylic anion and sodium counter-ion. 10b,16a The Na + ions being solvated, is then surrounded by four ether molecules to form a loosely bound complex. 16b,c Further, due to the excess sodium metal present, there may exist a sea of electrons similar to sodium/liquid ammonia which ultimately lead to the formation of the deep navy-blue coloration of the reaction mixture. 16d Subsequent SN2 attack of the vinylic anion on TMS-Cl yields the cyclic vinylsilanes.
Conclusions
The synthesis of 1-chloro-2-arylcyclohexenes and 1-trimethysilyl-2-arylcyclohexenes by a combination of Suzuki coupling and Wurtz-Fittig reaction is reported. The route is characterized by the easy preparation of starting materials, from inexpensive chemicals and easy isolation methods.
General procedure for preparation of:
To 250 mg (1.2755 mmol) of 1-bromo-2-chlorocyclohexene (1) taken in a pressure tube was added aryl boronic acid (2a-k) (1.40 mol equiv), Pd(dppf) 2 Cl 2 (0.6 mol %) catalyst, K 2 CO 3 (3.82 mol equiv), and anhydrous 1,4-dioxane (2.5 mL). The pressure tube was purged with anhydrous nitrogen gas and then capped. The pressure tube was introduced to a preheated oil bath at 110°C and the reaction mixture was heated for 4 h under magnetic stirring. The reaction mixture was cooled, diluted with 30 mL ethyl acetate, and filtered through a Celite bed. The excess solvent was removed on a rotary evaporator and crude residue purified by column chromatography using silica gel (100-200 mesh) and 1:5 ethyl acetate-petroleum benzine (60-74°C fraction). The pure compounds 3a-k which appeared as single spot on TLC under UV lamp, were isolated and spectrally characterized. The yields are given in Table 1 . The compounds 3a-k were then used for the next step.
1-Trimethylsilyl-2-arylcyclohexenes (4a-k)
The 1-chloro-2-arylcyclohexenes 3a-k prepared as given above, (1.0 mmol), were dissolved individually in 3 mL ether.
To a suspension of finely cut sodium metal (3 g atom equiv) and chlorotrimethylsilane (4 mol equiv) in 3 mL dry ether was added the ethereal solution of the individual chloro-compound 3a-k. The mixture was heated at reflux temperature employing a Graham water cooled condenser with CaCl 2 guard tube. The reflux was continued till the appearance of deep navy-blue coloration, and then the reactions were monitored by TLC and GC through micro work-up of aliquots. After completion of the reaction as indicated by the chromatograms, the reaction mixture was cooled to ambient temperature, the precipitated solid and remaining sodium were removed by filtering on a plug of glass wool and washed with ether (2 Â 5 mL). The combined organic extract was washed with saturated sodium bicarbonate (15 mL), saturated brine (15 mL), water (3 Â 10 mL), and dried over anhydrous K 2 CO 3 . The combined extract was concentrated on a rotary evaporator and purified by column chromatography, using silica gel (230-400 mesh) and n-hexane (60-74°C fraction) as mobile phase, to obtain the pure compounds 4a-k.
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